Axonal growth during development and regeneration coincides with the expression of growth-associated proteins (GAPS), including GAP-43 and tubulin-cyl . Following contact with the target region and synaptogenesis, GAPS are downregulated.
However, high levels of GAP-43 are expressed in some neurons in the adult CNS, indicating that its function may not be restricted to axonal growth. To define the type of signals that regulate GAP levels during development, we have determined whether GAP downregulation coincides with a defined phase of synapse development and whether it is controlled by the postsynaptic target. Levels of GAP-43 mRNA in spinal motoneurons and protein at the neuromuscular junction were analyzed in the developing neuromuscular system of chick and rat. In both species, GAP-43 mRNA declined rapidly at a time corresponding to the onset of synapse elimination, and nerve terminal GAP-43 immunoreactivity became undetectable with a delay of 2-3 d. In rat motoneurons, GAP-43 and tubulin-(~1 mRNA levels declined with a similar time course, indicating that at least two GAPS are downregulated at the same time. Blockade of neuromuscular transmission with either a pre-or a postsynaptically acting toxin prevented GAP downregulation, indicating that target activity affects GAP mRNA levels in motoneurons.
Finally, counteracting the activitydependent decline of muscle insulin-like growth factors during synapse elimination by local subcutaneous injections prevented motoneuron GAP downregulation, suggesting that these growth factors may be involved in the regulation of motoneuron GAPS by the muscle. These results demonstrate that motoneurons undergo target-sensitive changes in GAPS at the onset of synapse elimination. In addition, these results raise the possibility that termination of a presynaptic growth mode may be a prerequisite for synapse elimination.
The outgrowth of axons and dendrites is under precise temporal and spatial control during nervous system development. According to the growth-associated protein (GAP) hypothesis (Skene and Willard, 1981) , axonal growth requires the expression of a specialized set of neuronal genes. The expression of GAP genes would correlate with axonal growth, and termination of the program would follow contact with the target region. An additional aspect of the GAP hypothesis is the reinduction of GAPS during regenerative growth in the PNS (Skene and Willard, 198 1; Skene, 1989) . Neuronal gene products that might be included in the GAP class include tubulin isoforms [tubulin-cY1 (Totl), /32-tubulin], GAP-24, GAP-50, and the cell adhesion protein N-CAM Milner, 1987, 1989; Skene, 1989; Tetzlaff et al., 199 1) . The protein that has been most extensively investigated in this context, however, is GAP-43, a cortical GAP of the nervous system (Benowitz and Routtenberg, 1987; Skene, 1989; Coggins and Zwiers, 1991) . GAP-43 is found in most, and possibly in all neurons when they extend their axons, and it is enriched in axonal growth cones, where it is a major protein kinase C substrate Meiri et al., 1986; Skene et al., 1986; Nelson et al., 1989) . In spite of extensive studies, the function of GAP-43 in axonal growth is presently not clear.
If a neuronal axonal growth program exists, one would like to know whether potentially related processes like collateral sprouting, reactive nerve sprouting in the vicinity of a deafferented target region, and possibly even some forms of plasticity related to learning might be related to axonal growth in molecular terms. In addition, one would like to know how flexible such a growth program may be. While this latter question is still open, a considerable body of evidence suggests that at least some GAPS are also involved in processes distinct from growth during development or regeneration. Thus, Toll mRNA is induced in unlesioned neurons involved in reactive sprouting, and induction can also be brought about by the local injection of NGF (Matthew and Miller, 1990 ). These results demonstrate that cell body reactions involving GAPS can be induced in intact adult neurons by events in the neuron's periphery. Data supporting similar conclusions were obtained for GAP-43 in the adult hippocampus (Moslich et al., 199 1) . Analysis of GAP-43 mRNA and protein levels during development and in the adult has yielded provocative findings suggesting possible links between the presence of this GAP and plasticity phenomena (Benowitz and Routtenberg, 1987; Neve et al., 1988; Neve and Bear, 1989) . A possible related finding is that GAP-43 phosphorylation is prominent in conditions leading to long-term potentiation (Benowitz and Routtenberg, 1987; Nelson et al., 1989) . Finally, it was soon realized that levels of some GAPS did not decline immediately after target contact during development. Decline of GAP-43 and Ta 1 was observed at remark-ably late stages (Miller and Milner, 1987; Hesselmans et al., 1989; Moya et al., 1989; Neve and Bear, 1989; Skene, 1989; Reynolds et al., 1991) suggesting that aspects of a neuronal growth mode might be maintained, possibly implying that they are required for further processes such as rearrangements of synaptic connections.
In this study we have attempted to define the type of signals that regulate GAP levels during development. We have first determined whether the developmental downregulation of GAP-43 protein and mRNA levels coincides with a defined phase of synapse development. For this purpose, we analyzed GAP-43 levels in the neuromuscular system, where the developmental schedule has been described in great detail (Dennis, 198 1; Bennet, 1983 ) and where the separation of presynaptic neuronal cell bodies in the ventral horn of the spinal cord from the synapses in skeletal muscle allows independent analysis and manipulation of central and peripheral events. We have compared the behavior of GAP-43 in the chick and the rat, two species with different developmental schedules, in order to establish a possible correlation between neuromuscular junction (nmj) development and GAP-43 levels. Further, we studied the behavior of Tcvl mRNA in the rat neuromuscular system to determine whether downregulation timing is peculiar to GAP-43, or whether a group of GAP genes might be regulated in a similar manner. Finally, we determined whether the developmental downregulation of GAPS in motoneurons is cell autonomous, or whether it is governed by events in the target region by interfering with neuromuscular transmission or by manipulating growth factor levels in muscle.
We report that GAP-43 and Tot1 are downregulated in motoneurons at the onset of the synapse elimination process. Preor postsynaptic blockade of neuromuscular transmission prevented the downregulation of GAP-43 and Tot 1, demonstrating that GAP mRNA levels in motoneurons are regulated by target activity, and suggesting that activity-dependent target-derived factors may affect the expression of GAPS in presynaptic cell bodies. Finally, we show that counteracting the developmental decline of muscle insulin-like growth factor 1 (IGFl) during synapse elimination is sufficient to prevent GAP-43 and Tot1 downregulation in spinal motoneurons.
Materials and Methods
Reagents. Lo@R-IGFl was from GroPep, Adelaide, Australia (stock solution: 1 Kg/ml in PBS with 0.1 % BSA); purified botulinum toxin A was a kind gift of V. Witzemann, Max Planck Institute for Medical Research, Heidelberg, Germany (stock solution: 260 pg/ml in PBS with 0.1 % BSA); ol-bungarotoxin was from Sigma (stock solution: 3.3 pg/ ml in PBS with 0.1% BSA). Digoxigenin-11 -UTP, alkaline phosphataseconjugated anti-digoxigenin antibody, SP6 and T7 RNA-polymerase, and olasmid ~sPT19 were from Boehrinaer Mannheim. Oliaonucleotides-were synthesized using an Applied Biosystems 308B DNA synthesizer. A 777 base pair (bp) DNA fragment containing the entire coding sequence of chick GAP-43 (Baizer et al., 1990) was isolated with PCR technology from an embryonic day 10 (E 10) chick embryo cDNA library. A 601 bp DNA fragment containing the coding sequence of rat GAP-43 (Basi et al., 1987) .and a DNA fragment containing 120 bp 3' from the Ava2 site on the 3' untranslated region ofrat tubulin-cyl mRNA (Miller and Milner, 1987) were isolated with PCR technology from a postnatal day 4 (P4) rat brain cDNA library. The identity of the GAP-43 and Tcvl probes was confirmed by sequencing (Sequenase 2 kit, U.S. Biochemical Corp., Cleveland, OH).
Chick GAP-43 was detected with the specific monoclonal antibody 5F10 (Widmer and Caroni, 1990) . Monoclonal antibody SV2 detects a synaptic vesicle antigen in chick and rat (Buckley and Kelly, 1985) and was a kind gift of Dr K. Buckley, Harvard University, Cambridge, MA.
A rabbit antiserum to a 12 amino acid synthetic peptide corresponding to the C-terminal end of rat GAP-43 specifically detected rat GAP-43 on immunoblots and yielded labeling patterns of rat nervous system tissue sections that were consistent with it specifically binding to GAP-43. FITC-conjugated goat anti-rabbit and goat anti-mouse were from Milan Analytica AG, LaRoche, Switzerland. RITC-conjugated a-bungarotoxin was from Molecular Probes, Eugene, OR.
Injection protocols. Sprague-Dawley rats were anesthetized with ether, and bne hind limb (thigh)was subjected to one of the following treatments: (11 intramuscular iniection of 50 ul of carrier (PBS with 0.1 % BSA) containing 13 pg of bdtulinum toxin A (if required, this treatment was repeated at P14), (2) intramuscular injections every second day of 50 ~1 of carrier containing 150 ng of a-bungarotoxin, (3) subcutaneous injections every second day of 50 ~1 of carrier containing 50 ng of long-'R-IGFl, or (4) intramuscular injections every second day of carrier alone. Treatments were initiated at P6, and the contralateral hind limb received corresponding injections of carrier alone. Animals were monitored for signs of paralysis, which always exclusively involved the toxintreated hind limb and were obvious approximately 12 hr after treatment. The lowest doses producing complete local paralysis and not affecting the growth (weight gain) of the animals were selected. Except for the impaired utilization of one hind limb, animals could not be distinguished from untreated siblings in the same cage. Animals treated with long-3R-IGF1 could not be distinguished in their behavior from carriertreated or untreated animals. Histological examination of longJR-IGFltreated muscles revealed elevated numbers of muscle interstitial cells, slightly expanded interstitial spaces, and muscle fibers of somewhat reduced diameter. These histological changes were not observed in the contralateral, carrier-treated muscle.
In situ hybridization experiments. Digoxigenin-labeled riboprobes were synthesized in in vitro transcription reactions with probe DNA inserted in the vector pSPT 19 and digoxigenin-11 -UTP, according to the recommendations of the manufacturer (Boehringer Mannheim). Approximately 10 pg of riboprobe were synthesized from 1 pg of vector in a 10 ~1 reaction. To reduce nonspecific binding and to improve probe penetration, the labeled riboprobes were hydrolyzed at pH 10.2 in carbonate buffer (Cox and Angerer, 1984) to yield average fragments of 100 bp. Length and specificity of the probes were verified by appropriate gel electrophoresis and Northern blotting experiments.
The lumbar section of the spinal cord was carefully dissected and fixed over night in PBS with 4% paraformaldehyde. After cryoprotection in PBS with 20% sucrose, spinal cord sections were mounted and 12 pm cryostat sections were cut. Sections were postfixed for 5 min in PBS with 4% paraformaldehyde, incubated for 10 min at room temperature in the presence of 25 &ml of self-digested proteinase K (Sigma), postfixed as described above, washed, and dehydrated. Sections were then hybridized for 16 hr at 54°C in a solution containing 50% formamide, 4 x saline-sodium citrate (SSC), 10 mM NaCl, 1 mM EDTA, 2 x Denhardt's, 100 &ml of yeast RNA (Sigma), and appropriate dilutions (l-4 &ml) of the digoxigenin-labeled riboprobes. After RNase treatment and high-stringency washing, sections were blocked for 15 min at room temperature in 100 mM Tris (pH 8.5) 150 mM NaCl, and 5% BSA (T8.5) and then incubated for 1 hr in T8.5 with a 1:750 dilution of the alkaline phosphatase-conjugated anti-digoxigenin antibody. Sections were then washed in T8.5 and processed for color reaction. When appropriate (usually after 30-90 min), the phosphatase reaction was stopped and sections were dehydrated, mounted in DePex (BDH Ltd., Poole, UK), and examined and photographed under bright-field illumination. All sections belonging to one experimental set (e.g., GAP-43 mRNA levels in the spinal cord of rats at different stages of development) were processed at the same time and in the same way. This included color reaction time and photography. Each experimental set was performed at least five times (two to four animals per point). Relative signal intensities for data from different developmental stages were reproducible, whereas background levels varied somewhat between different experiments. Background variations mostly involved all samples from a given experiment, whereas no obvious background differences between spinal cord samples from different developmental stages were detected. Partial correction for background variation was achieved by varying the duration of the color reaction (for all samples from one experimental set). Data from representative experimental sets are shown in the figures.
Immunocyiochemistry. Thigh muscle, mainly the quadriceps, was dissected and fixed overnight in PBS with 4% paraformaldehyde. In the chick, this muscle mainly consists of fast muscle fibers, whereas in the rat it contains a mixed population of fast and slow-type fibers. After cryoprotection in PBS with 20% sucrose, muscles were mounted and 12 pm cryostat sections were cut. Sections were then incubated for 30 min at room temperature in PBS with 5% BSA, 5% sucrose, and 0.5% NP-40. To detect chick antigens, muscle sections were incubated overnight at 4°C in the presence of antibody 5FlO or SV2 in PBS with 1% BSA, 0.5% NP-40, and 5% sucrose. Rat muscle sections were exposed to antibody for 3 hr at room temperature in PBS with 1% BSA and 5% sucrose. Subsequent washes were in PBS, and second antibody incubations were for 1 hr at room temperature in PBS with 1% BSA, 5% sucrose, and 2 pg/ml of RITC-cu-bungarotoxin. Finally, sections were mounted in Airvol and fluorescent signals were detected with an Axiovert 10 microscope (Carl Zeiss) equipped with appropriate filters. All photographs belonging to an experimental set were taken and processed in the same way and series of experiments were repeated 5-10 times (two to four animals per experimental point). Variations between experimental sets were minor, and data from one representative set of experiments are shown in each figure. Most chick-and rat-derived samples yielded GAP-43 immunoreactivity signals that deviated from the expected intensities as shown in Figures 1 and 3 by less than 1 d of development. While small variations in GAP-43 downregulation timing between different thigh muscles were observed, they did not appear to be large enough to justify a more detailed study of single thigh muscle types. In addition, some variation within end plates of the same muscle did occur. These variations mostly correlated with end-plate size, suggesting that they were due to individual differences in end-plate maturation.
Results GAP-43 downregulation in chick and rat motoneurons coincides with the elimination of polyinnervation at the nmj Intramuscular nerve GAP-43 was analyzed on cryostat sections of chick and rat thigh skeletal muscle by immunocytochemistry at the light microscopic level. In the chick, motoneuron axons reach the developing muscle around E3-E4 and synapses are formed between E6 and E9 (Dahm and Landmesser, 1991) . Synapses then develop, new synapses are formed on secondary myotubes, and muscle fibers receive multiple synapses from several motoneurons. From E 15 on, polyinnervation of skeletal muscle fibers is eliminated by the stepwise retraction of supernumerary synapse-forming side branches (Bennet, 1983 ). This process is completed approximately 1 week after birth (E2 1, or PO). As shown in Figure 1 , strong GAP-43 immunoreactivity was detected in chick intramuscular nerves and nmjs between E8 and El 5. After E15, nerve GAP-43 signals declined rapidly but nmj GAP-43, as revealed by its colocalization with ACh receptor (AChR) binding a-bungarotoxin, was apparently unchanged up to E18. Strong decline of the nmj GAP-43 signal was then observed: only about 20% of the end plates displayed significant immunoreactivity at P2, while essentially all end plates were unlabeled by P7. Therefore, chick nmj GAP-43 declines between E 18 and P2, a period that coincides approximately with the progress of synapse elimination. GAP-43 mRNA was then analyzed in the corresponding motoneurons in the ventral horn columns of the lumbar spinal cord. For this purpose, a nonradioactive detection method based on digoxigenin-labeled riboprobes and on alkaline phosphataseconjugated anti-digoxigenin antibody was applied, thus achieving resolution of the hybridization signals at the single cell level. As shown in Figure 2 , strong GAP-43 signals were detected in large spinal cord ventral horn cells from E6-El4 chicks. Size and characteristic distribution of the ventral horn cells displaying some of the strongest signals in the spinal cord indicate that these cells are motoneurons. This figure also shows that, as expected from its ubiquitous expression in neurons, GAP-43 mRNA was detected in many cells in the gray matter, but not in the white matter of the spinal cord. Chick motoneuron GAP-43 mRNA signals began to decline between El4 and El6 ( Fig.  2j ) and were markedly reduced at El8 (Fig. 2g) and nearly undetectable at E20 (Fig. 2h ). This behavior, including the sharp decline between El 5 and El 8, was found consistently and indicates that chick motoneuron GAP-43 mRNA levels undergo strong downregulation at a period that corresponds with the onset of the synapse elimination process. Therefore, in chick motoneurons, GAP-43 mRNA was downregulated at the onset of synapse elimination and nmj levels of GAP-43 declined with a delay of 2-4 d.
Similar experiments were then performed in the neuromuscular system of the rat. In rat hind limb, skeletal muscle motoneuron processes reach the developing muscle at E 11, synapses form from El 2 on, and elimination of polyinnervation begins at P8 and is completed at P14 (Brown et al., 1976; Dennis, 1981; Bennet, 1983) . As shown in Figure 3 , rat hind thigh intramuscular nerve GAP-43 immunoreactivity levels remained similar between P4 and P8 but underwent marked reduction between P8 and P14. After P12-P 13, GAP-43 immunoreactivity was nearly undetectable and comparable to that of adult nmjs. Like in the chick, and as described by others (Hesselmans et al., 1989; Reynolds et al., 199 l) , some degree of signal variability was detected between different end plates during the downregulation process, but only a small percentage (less than 5%) of the nmjs displayed GAP-43 signals significantly higher than adult levels at P 13. Figure 3 also shows that while no GAP-43 signals could be detected after P 12-P13, distinct signals for the synaptic vesicle antigen SV2 (Buckley and Kelly, 1985; Dahm and Landmesser, 1991) could be detected in analogous experiments in P 19 skeletal muscle (Fig. 3h) . In fact, SV2 nmj signal intensities did not change significantly between PO and P90 in rat and between E 12 and P7 in chick skeletal muscle (data not shown), indicating that the declines in nmj GAP-43 signals were not due to decreased accessibility of presynaptic antigens in maturing nmjs. This conclusion is further supported by the expression profile of rat motoneuron GAP-43 mRNA (Fig. 4) . As in the chick, strong GAP-43 mRNA signals were detected in large ventral horn lumbar spinal cord cells before the period of synapse elimination. Grouping of these cells could frequently be observed, and the groups presumably correspond to motoneuron columns that run longitudinally between segments of the lumbar and sacral spinal cord (e.g., Fig.4d,e) . The columns consist of motoneurons innervating separate skeletal muscle types. Rat lumbar spinal motoneuron GAP-43 mRNA levels declined markedly between P8 and Pl 1 (Fig. 4d-g ). The strongest decline was consistently detected between P8 and PlO, and GAP-43 message was not detectable above background levels from Pl l-P12 on.
From these experiments in two species with different developmental schedules, we conclude that, in the neuromuscular system, GAP-43 downregulation coincides with a defined developmental process: motoneuron GAP-43 mRNA levels decline sharply at the onset of the elimination process, and the corresponding GAP-43 protein levels at the nmj appear to accompany the progress of the elimination process.
At least two d&erent motoneuron GAP mRNAs are downregulated at the onset of synapse elimination We next asked whether the late downregulation of motoneuron GAP-43 was specific for this protein, or whether other GAP mRNAs may be regulated in a similar manner. For this purpose ; h and i, E20. Arrows point laterally to motoneuron containing ventral horn and motor columns. Note the rapid decline of the specific hybridizatton signal between El4 (e) and El8 (g). No specific hybridization signal was detectable at E20 (h, Q. e-i, part of spinal cord containing right ventral horn shown in the figures. Scale bar, 100 pm.
we analyzed motoneuron levels of the message for Tal, an CY-levels declined between P7 and PlO-PI 1, that is, with a time tubulin isoform that is exclusively expressed in neurons and course resembling that observed for GAP-43. Therefore, two whose expression correlates with axonal growth and with re-GAP mRNAs are downregulated in motoneurons at the onset active sprouting (Miller and Milner, 1987; Matthew and Miller, of the synapse elimination process, that is, long after the initial 1990). As shown in Figure 5 , the distribution of Ta! 1 mRNA in contact with the target, suggesting that termination of a growth postnatal rat spinal cord resembled that of the GAP-43 message, mode in presynaptic neurons may precede or coincide with the with strong signals in ventral horn motoneurons.
Tal message elimination process. Prevention of motoneuron GAP downregulation in the absence of neuromuscular transmission Downregulation of GAP messages in spinal motoneurons may be a cell autonomous process, it may reflect developmental events in the spinal cord, or it may be controlled by peripheral processes, that is, by events at the nmj. Due to the coincidence of GAP-43 and Tal downregulation with synapse elimination, we asked whether blockade of neuromuscular transmission, a procedure that prevents synapse elimination (Thompson et al., 1979; Brown et al., 198 l) , would affect motoneuron GAP downregulation. Activity blockade was induced by two different procedures: botulinurn toxin acts on the presynaptic, cholinergic motoneuron terminal, where it blocks calcium-dependent transmitter release (Kao et al., 1976; Thesleff, 1989) , whereas (Ybungarotoxin acts on the postsynaptic skeletal muscle fiber, where it binds to the a-subunit of the AChR and prevents its activation by ligand. Botulinurn toxin-induced paralysis of one rat hind limb was obtained by a single local injection at P6, that is, shortly before GAP downregulation and the onset of synapse elimination. Local Lu-bungarotoxin injections, on the other hand, had to be repeated every second day, starting from P6, to block newly inserted AChRs. Both procedures led to strong paralysis of one hind limb with no apparent signs of paralysis in the contralateral control limb. In both cases, paralysis was obvious after about 12 hr and persisted until P20, that is, the latest time point examined in our experiments.
As shown in Figure 6 , high levels of GAP-43 immunoreactivity were detected at P13 in intramuscular nerves and nmjs of paralyzed thigh muscle, irrespective of whether paralysis was induced by pre-or postsynaptically acting blocker. GAP-43 signals in P 13 paralyzed muscle were comparable or higher than those in PO-P6 rat skeletal muscle, whereas muscles from mockinjected P13 animals (Fig. 6a ) or untreated animals (Fig. 3) displayed extremely weak GAP-43 signals. The absence of label with RITC-a-bungarotoxin in the ipsilateral muscle of animals treated with this toxin (Fig. 6d, bottom) was presumably due to saturation of binding sites with unlabeled toxin. The high GAP-43 signals in paralyzed muscle persisted at least until P20 (data not shown, but see Fig. 7e) . Surprisingly, significantly elevated GAP-43 signals were also detected in nonparalyzed contralateral muscle (Fig. 6c,e) . This finding was obtained irrespective of whether contralateral muscle was subjected to identical but toxin-free injection protocols with carrier, or whether it was left untreated. However, no elevation of the GAP-43 signal was observed in nonparalyzed, carrier-treated rats, indicating that the contralateral GAP-43 response was due to ipsilaterally injected toxin. That the contralateral effect was not due to systemically acting toxin was suggested by the lack of detectable paralysis signs in that muscle, and by the essentially normal RITC-a-bungarotoxin signals in Figure 6e : while injected toxin prevented further binding of RITC-cY-bungarotoxin to AChRs in ipsilateral muscle (Fig. 6d) , it did not prevent fluorescent toxin binding to contralateral muscle, indicating that it failed to bind in substantial amounts to AChRs in that muscle. On the other hand, however, only substantial saturation of AChRs by ol-bungarotoxin produces significant paralysis (Pennefather and Quastel, 198 1; Witzemann et al., 199 1) . Therefore, elevated GAP-43 in the nerves and nmjs of muscles contralateral to paralyzed ones must be explained either by similarly acting, hitherto undescribed additional systemic effects of the toxins or by mechanisms specifically related to paralysis of the ipsilateral muscle. While the first explanation seems unlikely, since no such effects were observed in extensive previous studies with these toxins (Thesleff, 1989) , paralysis-related contralateral effects are suggested by the in situ hybridization experiments shown in Figure 7 . As expected from the similar behavior of GAP-43 protein and mRNA during development and regeneration, elevated levels of GAP-43 mRNA were detected in the spinal motoneurons that innervated paralyzed muscle (Fig. 7a,b,d,e) . Figure 7a , however, also shows that significant, although lower amounts of GAP-43 mRNA were also induced in contralateral ventral horn motoneurons. In addition, further gray matter cells, presumably neurons, displayed elevated GAP-43 signals as a consequence of unilateral botulinurn toxin (or a-bungarotoxin; data not shown) injection, suggesting that retrograde transneuronal mechanisms may be responsible for these effects. Such mechanisms are particularly effective during development (Jacobson, 199 l), and their possible involvement in our paralysis experiments will be discussed in the next section. The in situ hybridization experiments shown in Figure 7 further demonstrate that both motoneuron GAP-43 and Tcvl mRNAs failed to decline when neuromuscular transmission was blocked, and that message levels in animals treated at P6 remained elevated at least until P20 (Fig. 7e) . Therefore, inactivation of neuromuscular transmission in the periphery prevents or counteracts downregulation of motoneuron GAPS, suggesting that downregulation of GAPS at the onset of synapse elimination may be under the control of events in the target region. In addition, these results suggest that GAP mRNAs in motoneurons may be affected by activity-dependent target-derived factors.
Elevated muscle IGFI mimics the e#ect of paralysis on motoneuron GAP downregulation Muscle IGFl and IGF2 mRNAs decline in parallel with the elimination of polyinnervation and are reinduced by paralysis or denervation (Glazner and Ishii, 1989; Ishii, 1989) . In addition, elevated levels of IGFl or IGF2 in otherwise untreated adult skeletal muscle are sufficient to induce intramuscular nerve sprouting (Caroni and Grandes, 1990) . We therefore determined whether maintenance of elevated intramuscular IGFl during the synapse elimination period was sufficient to reproduce the effects of paralysis on motoneuron GAPS. For this purpose, we applied local unilateral nonlesioning subcutaneous injections of the IGFl derivative long-3R-IGF1 over rat gluteus muscle. Injections were started at P6 and repeated every second day, until Figure 6 . Paralysis prevents the developmental downregulation of GAP-43 in the rat neuromuscular system: double labeling experiments showing GAP-43 (gap, top panels) and AChRs (to, bottom panels). Due to saturation of binding sites by injected nonlabeled toxin, the cY-bungarotoxin signal in d is not detectable. All sections were from PI3 hind thigh muscle. a, Carrier-exposed muscle from nonparalyzed animal. b and c, Botulinum toxin-induced paralysis (presynaptic block), ipsilateral paralyzed (b) and contralateral nonparalyzed (c) muscle. d and e, or-Bungarotoxin-induced paralysis (postsynaptic block), ipsilateral paralyzed (d) and contralateral nonparalyzed (e) muscle. Note the strong GAP-43 signals in both ipsi-and contralateral muscles of unilaterally paralyzed animals. Scale bar, 50 pm.
P12. Long-SR-IGFl is an 83 amino acid analog of human IGFl comprising the complete human IGFl sequence with the substitution of an Arg for the Glu at position 3, and a 13 amino acid extension peptide at the N-terminus. When compared to IGFl , long-3R-IGF1 binds with lower affinity to all known IGFbinding proteins, is equally effective in activating the IGFl receptor, and is therefore more potent in eliciting an IGFl-type response in vitro and in vivo (GroPep product information).
As shown in Figure 8 , low amounts of intramuscular long-3R-IGF1 mimicked the effect of paralysis on motoneuron GAP downregulation: both motoneuron GAP-43 and Tal mRNAs, and intramuscular nerve and nmj GAP-43 immunoreactivity were elevated in the presence of the growth factor. As in paralyzed muscle, contralateral elevation of GAPS was also observed. Using the same injection protocol, we have demonstrated in a previous study that the injection of 1 O-fold higher amounts of i251-IGFl did not result in spreading of the growth factor to the contralateral limb (Caroni and Grandes, 1990) . In fact, that study demonstrated efficient retention of injected growth factor in underlying muscle, clearance of tracer in the liver, and complete absence of tracer in most organs, including contralateral muscle (Caroni and Grandes, 1990) . It seems therefore unlikely that the contralateral effects on GAPS were due to injected long-3R-IGF1 acting systemically. In conclusion, our results demonstrate that both paralysis and elevated muscle IGFl prevent motoneuron GAP downregulation, suggesting that declining muscle IGFs at the onset of the synapse elimination process may be involved in the downregulation of GAP mRNAs in motoneuron cell bodies.
Discussion
Our results, drawn from studies of both rat and chick, show that downregulation of motoneuron GAPS during development coincides with the onset of synapse elimination. In addition, we found that downregulation depends on synaptic transmission and target activation, and that counteracting the decrease of muscle IGFl during synapse elimination is sufficient to prevent the developmental downregulation of motoneuron GAPS. We conclude that the final phase of synapse development involves target-dependent presynaptic regulatory mechanisms. In addition, IGFl emerges as a candidate activity-dependent targetderived signaling factor in nmj development.
Downregulation of motoneuron GAPS coincides with the elimination of polyinnervation during development Downregulation of GAP-43 during late synapse development has been reported in the visual cortex (Neve and Bear, 1989) and in the neuromuscular system (Hesselmans et al., 1989; Reynolds et al., 199 1) . Similarly, in regenerating systems GAP-43 downregulation lags significantly behind target reinnervation (Skene, 1989; Moya et al., 1989) . Our study now shows that in the neuromuscular system developmental downregulation is a rapid process, involving both GAP-43 mRNA in motoneuron cell bodies and, with a delay of 2-3 d, the corresponding protein at the nmj. An important issue is whether GAP-43 downregulation is a gradual process that may start following contact with the target, or whether it is rapid and confined to the period of side branch retraction. While it is possible that some GAP-43 decline already took place upon contact with the target, that is, between E6 and E9 in the chick, and E 12 and El 6 in the rat, our qualitative data clearly show that significant GAP-43 levels persisted until the onset of the synapse elimination process. Moreover, we could not detect a consistent decrease in the in situ hybridization or immunocytochemistry signals between E 10 and E 14 respectively (E16) in the chick and between PO and P8 in the rat, suggesting that motoneuron GAP-43 levels remained stable during this period of nmj maturation. In contrast, subsequent decline of signals to background levels was observed within a period of a few days in both species. Our data therefore indicate that GAP-43 is downregulated in motoneurons at a defined time in development corresponding with the onset of synapse elimination.
Does GAP-43 downregulation correspond to the specific termination of a nerve growth state in motoneurons, or rather, does it coincide with a generic embryonic to adult switch in development? Downregulation was not restricted to GAP-43 as the mRNA for another GAP, Tel 1 declined with a similar time course. Additional neuronal proteins, including GAP-24, GAP-50, and N-CAM, are expressed when axons grow, downregulated some time after contact with the target, and reinduced during regeneration (Skene, 1989) . It will therefore be important to determine whether all these proteins are downregulated at the same time, or whether differences in timing and mechanisms do exist. Conceivably, a number of diverse proteins may be downregulated in the same way. These proteins may also include juvenile proteins such as certain microtubule-associated proteins (Matus, 1988) . Downregulation of a large number of diverse juvenile proteins at the onset of the synapse elimination period may indicate that this process corresponds to a general program switch marking the final phase of nervous system development. If, on the other hand, this particular downregulation mechanism should be restricted to few GAP genes like GAP-43 and To!1 , downregulation at the onset of synapse elimination may suggest a more specific role for these proteins in growth processes preceding, but possibly not compatible with synapse elimination. Several observations seem to favor the latter possibility. Thus, some GAPS, including P2-tubulin and actin, are downregulated shortly after contact with the target has been made, while others like GAP-43 keep being expressed at high levels for significantly longer periods of time during development and regeneration (Tetzlaff et al., 199 1) . Furthermore, high levels of GAP-43 are maintained in areas of the adult CNS that have been associated with plasticity (Benowitz and Routtenberg, 1987; Neve et al., 1988) suggesting that the function of this protein may not be restricted to axonal growth. In addition, while GAP-43 and Toll are reinduced in regeneration and sprouting, some juvenile microtubule-associated proteins are not (Matus, 1988) indicating the existence of further differences between a juvenileadult switch and the regulation ofthese GAPS. It therefore seems that, as originally proposed by Skene and Willard (Skene and Willard, 1981; Skene, 1989 ) GAPS like GAP-43 and Tal may define a unique type of growth mode in neurons. In the neuromuscular system, but possibly also in other systems (Neve and Bear, 1989) , this mode would be turned off at the onset of the synapse elimination period, suggesting the existence of a functional relation between a nongrowing mode in presynaptic neurons and the elimination process.
Clearly, an important open question concerns the possible role of presynaptic GAP downregulation in synapse develop- Figure 8 . Elevated levels of long-'R-IGFl in the muscle mimic the effect of paralysis on the developmental downregulation of GAP mRNAs during synapse elimination. The data are from P13 rats that had been injected subcutaneously over one (ipsilateral) gluteus muscle with long-'R-IGFl every second day. Injections were started at P6, and the contralateral muscle was exposed to carrier. a and b, Tal (a) and GAP-43 (b) mRNA in lumbar spinal cord motoneurons; the ipsilateral ventral horn is to the left in a and to the right in b. c-f; Double-labeling experiments: GAP-43 (c, e) and cY-bungarotoxin binding sites (d, f) in the ipsilateral (c, d, IGFl exposed) and contralateral (e, f; control) gluteus muscles. Arrows point laterally to motor columns. Scale bar: 140 pm for a and b; 22 pm for c-f: ment. Our finding that motoneurons contralateral to those projecting to an inactive or IGFl-exposed muscle also express elevated levels of GAP-43 and TCXI implies that it may be possible to determine whether an altered state in presynaptic neurons may affect nmj development in the contralateral limb. Such experiments, combined with an identification of the type ofgene products that fail to be downregulated in contralateral motoneurons, may provide an opportunity to investigate the roles of the presynaptic motoneuron in late synapse development, including synapse elimination.
Levels of GAP-43 and Toll in motoneurons are regulated by activity and IGFI in the target region
In the adult nervous system, GAP-43 and Tc~l are reinduced when axons restart growing following lesions (Skene and Willard, 198 1; Miller and Milner, 1989) , and Tal mRNA is induced when neurons sprout even in the absence of a lesion to the sprouting neuron (Matthew and Miller, 1990) . We now demonstrate that GAP-43 and Tcvl downregulation in motoneurons during development is prevented in the absence of muscle activation and that this effect can be mimicked by elevated muscle IGFl.
Muscle IGFl and IGF2 are downregulated during synapse elimination (Glazner and Ishii, 1989; Ishii, 1989) , and therefore our findings suggest that declining muscle IGFs may be involved in motoneuron GAP downregulation. Regulation by IGFs may * Peripheral Control of Motoneuron GAPS during Development involve a direct mechanism requiring interaction with IGFlreceptors on motoneuron processes, or it may be indirect, that is, involving signals from intramuscular cells under the influence of IGFs. In a recent study, we found that IGFl is rapidly upregulated and secreted from adult skeletal muscle fibers in situ following paralysis, and that adult rat motoneurons do express IGFl -receptor mRNA (C. Schneider and P. Caroni, unpublished observations). These findings and the fact that elevated levels of IGFs in adult muscle are sufficient to induce nerve sprouting and intramuscular interstitial cell proliferation (Caroni and Grandes, 1990) support the notion that IGFs may be important activity-regulated target-derived factors in the neuromuscular system. Both local paralysis and subcutaneous injections of IGFl produced contralateral effects on motoneuron GAP-43 and Tot 1. These effects were probably not due to systemic mechanisms because signs of paralysis could exclusively be detected ipsilaterally, we found no evidence for substantial spreading of o(-bungarotoxin in the postsynaptic blockade experiments, and, applying the same protocol, we demonstrated in a previous study that injected lZSI-IGF2 failed to spread to the contralateral muscle (Caroni and Grandes, 1990) . In addition, the in situ hybridization data indicate that the GAP-43 and Tal reaction in the spinal cord was not restricted to motoneurons. It therefore seems possible that contralateral reactions were due to the retrograde transmission of a signal by commissural interneurons in the spinal cord. That such mechanisms can operate is indicated by reports of compensatory reactions to target modifications during development (Jacobson, 199 1) . In addition, specific contralateral sprouting following a unilateral sciatic nerve lesion has been reported (Steinbach, 1981; Ring et al., 1983; Rothshenker and Tal, 1985) . In those studies, contralateral reactions were not due to systemic mechanisms: (1) upon denervation of one hind limb, they were exclusively observed in the contralateral hind limb but not in the contra-or ipsilateral front limb (Steinbach, 198 1; Rothshenker and Tal, 1985) ; (2) the reactions were detected significantly earlier when the sciatic nerve was lesioned near to the spinal cord (Rothshenker and Tal, 1985) . It was suggested in those studies that the effects were due to transsynaptic mechanisms in the spinal cord and that the mechanisms were retrograde because they were not affected by local removal of sensory afferents (Rothshenker and Tal, 1985) . Our findings may be interpreted in a similar manner and may provide molecular markers to study this type of adaptational mechanism. If retrograde transneuronal reactions to deafferentation should indeed produce macroscopic reactions like contralateral intramuscular nerve sprouting, this may indicate that molecular changes in presynaptic motoneurons may be sufficient to produce reactions in the corresponding muscle. It will therefore be of particular interest to determine the consequences of ipsilateral local paralysis or elevated muscle IGFl on contralateral nmj development. Such experiments may yield insights on the possible functional relevance of GAP downregulation at the onset of synapse elimination.
